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In this study, a comprehensive model for the IBP process in agitated reactors was developed 
based on the reaction mechanism by Vasilenko et al. 2010, and takes into account the reaction 
rate kinetics for initiation, propagation, chain transfer, and chain termination steps as well as the 
mixing effects. The model coupled the mass balance equations for each reaction step with those 
of the segregated zones model for micro- and macro-mixing effects by Villermaux 1989, and 
was numerically solved by Matlab. The model was then used to predict the effect of various 
operating variables on the IBP process performance, in terms of the three main metrics: 
monomer conversion (X), number average molecular weight (Mn) and polydispersity index 
(PDI). 
In the absence of mixing, our model was used to carry out sensitivity analyses to quantify the 
effects of the reaction rate constants of the initiation (ki), propagation (kp), chain-transfer (ktr) 
and chain termination (kt) steps on the three main performance metrics. The model predictions 
led to: (1) Increasing ki was found to have negligible effect on the three main IBP process 
performance metrics; (2) Increasing kp increased X and Mn and decreased PDI; (3) increasing ktr 
the increased X, but decreased Mn and PDI; and (4) Increasing kt deceased X and Mn, and 
increased PDI.  
MODELING OF THE ISOBUTYLENE POLYMERIZATION PROCESS IN 
AGITATED REACTORS 
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In the presence of mixing, and at given kinetic rate constant, the model was used to conduct a 
parametric study to determine the effect of mixing on the IBP process performance. Eight 
different cases, four poor and four good mixing conditions, reactor type, and impeller type as 
well as design, were considered, and their effects on the three main IBP process performance 
metrics were investigated. The model predictions led to: (1) Mixing controls the IBP process 
performance due to its inherently fast reaction kinetics; (2) Mixing time and impeller type 
significantly affected the required mixing speed; (3) all model predictions underscored the 
importance of good mixing in the cationic IBP process; and (4) our model was able to predict the 
IBP process performance metrics and the required mixing speed in agitated reactors provided 
with different impellers. 
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C Concentration (mol/m3) 
Co  Reference concentration (mol/m
3) 
𝐶?̂? Dimensionless concentration 
Ea Activation energy (J/kmol) 
F Mass transfer rate between different mixing zones (mol/s) 
𝑘𝑖 Initiation reaction rate constant ([ 𝑚𝑜𝑙/𝑚
3]−1𝑠−1) 
𝑘𝑝 Propagation reaction rate constant ([ 𝑚𝑜𝑙/𝑚
3]−1𝑠−1) 
𝑘𝑡𝑟 Chain transfer reaction rate constant ([ 𝑚𝑜𝑙/𝑚
3]−1𝑠−1) 
𝑘𝑡 Termination reaction rate constant (𝑠
−1) 
ko Pre-exponential factor (𝑠−1) 
mo Molecular weight of monomer unit (kg/mol) 
Mi Molecular weight of monomers of class i 
Mn Number average molecular weight 
Mw Weight average molecular weight (kg/mol) 
nn Number averaged degree of polymerization 
nw Weight averaged degree of polymerization 
Ni Number of monomers of class i 
PDI Polydispersity Index 
xiv 
 
Q Volumetric flow rate (m3/s) 
?̂? Dimensionless volumetric flow rate 
Ri Reaction rate (mol/m
3∙s) 
𝑅?̂? Dimensionless reaction rate 
To  Reference time (s) 
tM Characteristic time constant for mixing (s) 
tX Characteristic time constant for diffusion (s) 
T Temperature (K) 
V Volume (m3) 
Vo  Reference volume (m
3) 
?̂? Dimensionless volume 
𝜃 Dimensionless time 
𝜃𝑀 Dimensionless mixing time constant 
𝜃𝑋 Dimensionless diffusion time constant 
[A] Active monomer concentration (mol/m3) 
[C] Polymer chain concentration (mol/m3) 
[E1] Concentration of polymer undergoing chain transfer (mol/m3) 
[E2] Concentration of polymer undergoing chain termination (mol/m3) 
[I] Initiator Concentration (mol/m3) 





1.0  INTRODUCTION AND BACKGROUND 
1.1 INTRODUCTION 
Polymers and co-polymers derived from isobutylene, known as polyisobutylenes (PIBs), have 
been produced in a wide range of molecular weights and used in numerous important 
applications. Low molecular weight PIBs are extensively used in the preparation of additives for 
lubricants and fuels; medium molecular weight PIBs are used as viscosity-index modifiers for 
lubricants; and high molecular weight PIBs are used in the production of uncured rubbery 
compounds and as an impact additive for thermoplastics [1-5]. Table 1-1 summarizes some 
physical properties of PIBs. 
 
Table 1-1. Some physical properties of PIBs 
Density at 20 °C 0.92 g/cm3 
Glass transition temperature, Tg ( at differential scanning 
calorimetry) 
- 62 °C 
Specific heat, cP 2 kJ·kg
−1·K−1 
Thermal coefficient of expansion at 23 °C 6.3 × 10−4 K−1 
Thermal conductivity, k 0.19 W·K−1·m−1 
Coefficient of permeability to water vapor 2.5 × 10−7 g·m−1 h−1 mbar−1 





The low molecular weight PIBs (Mw = 500-5000 g/mol) are conventionally produced by 
isobutylene polymerization in the presence of either AlCl3 or BF3 as an initiator [6, 7]. The low 
molecular weight PIBs produced using the AlCl3 catalyst is known as conventional PIBs as 
shown in Figure 1-1. It should be mentioned that the PIB-based additives are made by reacting 
the double-bond-terminated PIBs with a maleic anhydride, which is the acid anhydride of maleic 
acid with the formula C2H2(CO)2O [6]. 
 
 
Figure 1-1. Molecular Structures of PIB 
 
Since the internal tri-substituted or tetra-substituted double bonds have low reactivity to maleic 
anhydride, the PIB must first be converted to the corresponding diene using a 
chlorination/dehydro-chlorination process before it reacts with maleic anhydride, leading to the 
production of significant amounts of chlorine-containing wastes [7].  
       On the other hand, the low molecular weight PIBs produced using the BF3 initiator have 
high content of vinylidene end groups (exo-olefin end groups). These vinylidene end groups, in 
contrast with the internal tri-substituted or tetra-substituted double bonds, are able to react with 
maleic anhydride at sufficiently high rates.  These types of PIBs, containing 75-85% of exo-
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olefin end groups, are called highly reactive PIBs, and are being commercially produced by 
BASF [8].  
       The chemistry of the isobutylene polymerization has been extensively investigated; and 
kinetic and mechanistic models covering different operating conditions have been developed.  
The carbocationic polymerization of isobutylene and its co-polymerization with co-monomers, 
such as isoprene and p-methylstyrene, are mechanistically complex. In this type of 
polymerization, an initiator and a common Lewis acid co-initiator, such as AlCl3, (alkyl)AlCl2, 
BF3, SnCl4, TiCl4, etc., are used. More recently, an initiator and uncommon Lewis acid co-
initiators, such as methylaluminoxane (MAO) or specifically designed weakly coordinating 
Lewis acids, such as B(C6F5)3, were used [9]. Examples of the initiators commonly used include 
Brønsted acids (HCl, RCOOH); H2O; alkyl halides ((CH3)3CCl, C6H5(CH3)2Cl); esters; ethers; 
peroxides; and epoxides.  
       However, even though the kinetics of the isobutylene polymerization process have been 
widely investigated, due to its complex mechanisms, efforts towards developing comprehensive 
reactor models, which can be used to describe and optimize the IBP process are very scanty. 
In 1931, PIB process was first developed by the BASF Chemical Company using a boron 
trifluoride (BF3) imitator at low temperatures. The soft, resin-like polymers produced in this 
process, appeared to have interesting properties, including low permeability to gas and moisture, 
good oxidative resistance and good chemical stability. The low molecular weight PIB (Mw 500 
~ 5,000 g/mol) is widely used as raw materials for adhesives, sealants, lubricants, coatings and 
chewing gum [5]. The medium and high molecular weight PIBs (Mw ≥ 10,000 g/mol), on the 
other hand, are usually used to produce rubbery compound; and the vinyl polymer has many 




1.2 CATIONIC POLYMERIZATION 
Monomers having carbon-carbon double bonds usually tend to undergo radical polymerization, 
whereas some monomers, which have electron-releasing substituents are likely to be 
polymerized through cationic reaction. These substituents are known as alkoxy, phenyl, vinyl, 
and 1-1-dialkyl. Due to the high sensitivity and strict selectivity of the cationic polymerization, it 
is difficult to stabilize the conditions for the propagation step, which requires rigorous and 
complex control of the process parameters. For example, most of the inorganic initiators are 
heterogeneous and must have high purity so that the initiated active species will not be poisoned. 
It was reported that the whole reaction takes only few minutes to convert most of the monomer 
to long chains, as shown in Table 1-2.  
Table 1-2. Cationic Polymerization of Isobutylene with H2O/AlCl3OBu2 Initiators in Different Solvents at - 20 °C 
[10] 
Solvent Time(min) Conversion (%) Mn (g/mol) Mw/Mn 
CH2Cl2 30 64 1,330 1.26 
TFT(Trifluorotoluene) 30 52 1,690 1.64 
Toluene 30 79 3,770 3.80 
n-Hexane 30 35 1,990 3.53 
 
In this table, Mn and Mw are the average molecular number and the average molecular weight, 
respectively. 
       The rate of the cationic polymerization reaction is highly sensitive to several factors, such as 
nucleophilic ions concentration, life time of the active species and the solvent polarity. The 
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formed carbon cation should be sufficiently nucleophilic to allow chain growth. Moreover, the 
solvent polarity plays an important role in controlling the activity of the reacting species. A 
polarized solvent enhances the species activity, however, the solvent should be too polar to avoid 
negatively interfering with the reaction. Another factor is the temperature, which affects the 
product quality, since the propagation reaction rate constant is sensitive to high temperatures. 
Figure 1-2 gives a broad classification of the carbon cations in terms of their ionic bond as: (1) 
completely covalent species; (2) tight ion pairs; (3) loose ion pairs (separated by solvent); and (4) 
free ions (completely solvated). 
 
  
Figure 1-2. Carbon cation ionic bond categories 
 
The formation of tight and loose ion pairs is common in the polymerization of isobutylene 
initiated with AlCl3 in hexane as a solvent. They result in a moderate polarity, where the 
unsaturated isobutylene chain has enough affinity to drag the isobutylene monomers into the 
propagating chain. 
       The cationic polymerization of isobutylene can be divided into four steps: (1) initiation, (2) 
propagation, (3) chain transfer and (4) chain termination. The reaction schemes are shown in 
Table 1-3 with different reaction rate constants k, representing each reaction step. Experimental 












propagation step (𝑘𝑖 > 𝑘𝑝). It should be emphasized that the rate constants for the initiation, 
propagation, chain-transfer, and chain termination steps in the polymerization process are 
difficult to measure because of the rapid rate of reaction. 
Table 1-3. Isobutylene polymerization reactions 
Step Reaction Rate constant 
Initiation 𝐼𝑛𝑖𝑡𝑖𝑎𝑡𝑜𝑟 + 𝑀 → 𝐴1
∗  𝑘𝑖 
Propagation 
 𝐴1
∗ +𝑀 → 𝐴2
∗   
 𝐴𝑛−1
∗ +𝑀 → 𝐴𝑛
∗   
𝑘𝑝 
Chain transfer  𝐴𝑛
∗ +𝑀 → 𝐴1
∗ + 𝑃 𝑘𝑡𝑟 
Chain Termination  𝐴𝑛
∗ →  𝑃 𝑘𝑡 
 
Polymerizations in either hydrocarbon or halogenated hydrocarbon solvents at low temperature 
indicated high polymerization rates since experimental tests indicated that low temperature 
appeared to promote the polymer yields [3-5]. The four steps of the cationic polymerization of 
isobutylene are detailed below.  
1.2.1 Initiation step 
During the initiation step, isobutylene monomers react with Lewis acid co-initiator to produce 
carbenium ions which are paired ionized monomer and metal halide. These reactions are fast and 
highly exothermic. The initiation component is typically composed of two elements: an initiator 
and a Lewis acid co-initiator. The widely used initiators are Brønsted acids, such as HCl, 
RCOOH, H2O, alkyl halides, (CH3)3CCl, C6H5(CH3)2Cl, esters, ethers, peroxides, and epoxides. 
Recently, transition-metal complexes, such as metallocenes; and other single-site catalysts when 
activated with weakly coordinating Lewis acids or Lewis acid salts, have been used as imitators 
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for isobutylene polymerization. Lewis acid co-initiator includes AlCl3, (alkyl)AlCl2, BF3, SnCl4, 
and TiCl4. Other Lewis acids, such as methylaluminoxane (MAO) and weakly coordinating 
Lewis acids, such as B(C6F5)3 are used as co-initiator for the isobutylene polymerization. The 
initiation step in cationic polymerization in various pathways occurs at a very fast rate due to the 
property of the ionic bond interaction. Table 1-4 shows the initiators/co-initiators and solvents 
reported under different system temperatures [9, 10, 12-17].  
 
Table 1-4. Initiators/co-initiators and solvents of isobutylene polymerization reported under different system 
temperatures [9, 10, 12-17] 
 
Initiating system Solvent T (°C) 
HClO4 CH2Cl2 -80 
Triflic acid TMPCl/TiCl4/DPE/ CH2Cl2 -65 to -10 
Ti(OR)4/SnBr4 Hx/CH3Cl -60 to -80 
RCl/TiCl4 CH2Cl2/CHCl3 -75 
TMSCl/BCl3 CH2Cl2 -70 
CumCl/SnCl4 CH2Cl2 -40 
CumCl/TiCl4 CH2Cl2 -40 
TmeStCl/BCl3 CH2Cl2 -70 
RCl/SnCl4 CH2Cl2 -15 
RCl/TiCl4 CH2Cl2 -80 to-15 
AlBr3/TiCl4 Heptane -14 
Light/VCl4 Heptane -20 
Et2AlCl/Cl2 CH3Cl -45 
IB n-mer/TiCl4 Hx/CH3Cl -80 
TMPCl/TiCl4 Hx/CH3Cl -80 to -50 
 
In some cases, the concentrations of the initiator and co-initiator can determine the maximum 
polymerization rate. Typically, increasing the initiator/co-initiator concentration ratio, the 
polymerization rate increases till it reaches a maximum. However, after reaching the maximum, 
it starts to decrease and then levels off at a low value [18, 19]. One possible explanation for this 
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behavior is that when the initiator concentration reaches a particular value, it takes over the 
monomer to produce an oxonium salt, which exhibits ineffectiveness in protonating the olefins. 
It should be remembered that there are many factors which affect the balance between the 
competing initiation and inactivation, including the type of monomer, the type of solvent and the 
system temperature. 
 
1.2.2 Propagation step 
In the propagation step, the carbocation and the paired counter-ion formed in the initiation step 
continue to add monomers as a growing chain, where a monomer M is added to the propagating 
chain of length n. 
𝑀𝑛
+(𝐼)− +𝑀
     𝑘𝑝     
→    𝑀𝑛+1
+ (𝐼)− (1) 
The added monomer units are strongly affected by the solvent polarity, concentration of counter 
ions and the system temperature. Table 1-5 lists different propagation rate constants obtained 
under various initiators, solvents and temperatures [9, 10, 12-17]; and as can be observed, the 
type of initiator, solvent and system temperature all contributes to the variation of kp value 
which ranges from 6 to 1.7x106 m3/(mol.s). The propagation rate constant (kp) was reported to be 







Table 1-5. Reported propagation rate constants of isobutylene polymerization [9, 10, 12-17] 
Initiator Solvent Temperature (oC) 𝒌𝒑 (𝒎
𝟑/𝒎𝒐𝒍 ∙ 𝒔) Reference 
AlBr3/TiCl4 Heptane - 14 6 
 [9] 
Light/ VCl4 In bulk - 20 7.9 x 10
2 [12] 
Et2AlCl/Cl2 CH3Cl - 48 12 [13] 
Ionizing radiation CH2Cl2 - 78 9.1 [20] 
Ionizing radiation In bulk - 78 1.5 x 105 [11] 
R-Cl/TiCl4 CH2Cl2 - 78 6 x 10
5 [15] 
IB n-mer/TiCl4 Hexanes/CH3Cl - 80 7 x 10
5 [16] 
TMP-Cl/TiCl4 Hexanes/CH3Cl - 80 to - 40 4.7 x 10
5 [17] 
TMP-Cl/TiCl4 Hexanes/CH3Cl - 80 to - 40 1.7 x 10
6 [10] 
 
1.2.3 Chain transfer step 
The chain transfer step occurs when the cationic chain end reacts with isobutylene, isoprene, or a 
species with an unshared electron pair, i.e., solvents, counter-ion, or olefins. The reactions 
breaking the chain propagation terminate the growth of the macromolecule and inactivate the 
highly reactive chain end. The chain transfer is the main termination mechanism in the 
isobutylene polymerization reaction as shown below: 
𝑀𝑛
+(𝐼)− +𝑀
     𝑘𝑡𝑟     
→     𝑀𝑛 +𝑀
+(𝐼)− (2) 
The chain termination may occur spontaneously to stops chain growth, and in this case, it is 
known as spontaneous termination: 
𝑀𝑛
+(𝐼)− +𝑀
     𝑘𝑡𝑟     





1.2.4 Chain termination step 
The termination reaction in terms of deionization with combination of halide ions commonly 
leads to the termination step. In the polymerization of isobutylene with AlCl3/water as 
initiator/co-initiator system, when the end of a propagating chain combines with a counter-ion 
(Cl-), the unsaturated carbon-carbon double bond will be replaced with a saturated carbon-
chloride bond and the reaction is terminated:  
𝑀𝑛
+(𝐼)−
     𝑘𝑡     
→    𝑀𝑛𝐼 (4) 
 
It should be emphasized that in this latter case, the kinetics of the propagation step will be 
affected because of the decreased initiator concentration. 
1.3 LITERATURE STUDIES ON ISOBUTYLENE POLYMERIZATION REACTION 
KINETICS 
The overall reaction kinetic rates of isobutylene (IB) polymerization vary significantly based on 
the type and concentrations of the imitator/co-initiator, the solvent type and system temperature.  
Generally, the rates of initiation, propagation, chain transfer termination and chain termination 
can be written as: 
𝐼𝑛𝑖𝑡𝑖𝑎𝑡𝑖𝑜𝑛: 𝑅𝑖 = 𝑘𝑖[𝐼][𝑀] (5) 
𝑃𝑟𝑜𝑝𝑎𝑔𝑎𝑡𝑖𝑜𝑛: 𝑅𝑃 = 𝑘𝑃[𝑀𝑛
+(𝐼)−][𝑀] 
(6) 









Ri is the initiation kinetic rate expression, which includes the initiation reaction rate constant ki. 
It was reported to be a first order with respect to the initiator/co-coinitiator [I] and with respect to 
the monomer [M] [18, 19, 21].  
       Rp is the propagation kinetic rate expression, which includes the propagation reaction rate 
constant kp. It is a first order with respect to the monomer [M] and the first order with respect to 
the propagating species [Mn
+(I)-] [18, 19, 21].   
       Rt is the spontaneous termination rate constant, which includes the rate of chain termination 
reaction kt and it is a first order with respect to of propagating species [Mn
+(I)-] [18, 19, 21].  
       Rtr the chain transfer expression, which includes the chain transfer coefficient ktr. It is first 
order with respect to the monomer [M] and the active center continuously adding monomers to 
increase chain growth [18, 19, 21]. 
       Considerable research has been conducted on investigating new initiators for the synthesis of 
highly reactive PIBs. Ivan et al. [22] proposed a two-step process for the preparation of mono- or 
di-functional exo-olefin-terminated PIB (95-98% of exo-olefin groups), which involved the 
synthesis of tertchloride-terminated PIB at - 78 oC via controlled cationic polymerization 
followed by dehydrochlorination of isolated polymer with excess of potassium tert-butoxide in 
refluxing tetrahydrofuran for 24 hours. Telechelic polyisobutylene with 100% of exo-olefin 
groups can also be obtained by the reaction of tertchloride-terminated PIB with 
isobutenyltrimethylsilane in the presence of TiCl4 at - 78 
oC. Quantitative formation of exo-
olefin-terminated PIB (95-100%) by endquenching TiCl4-coinitiated living isobutylene 
polymerization with such hindered bases as 2, 5-dimethylpyrrole or 1,2,2,6,6-
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pentamethylpiperidine at - 40 to - 60 oC was recently described  by Storey et al. [19, 21, 23]. The 
same authors reported an alternative towards polyisobutylene with exo-olefin terminal bond (69-
97%), consisting of the formation of adduct between the sulfide and living polyisobutylene at - 
60 oC followed by adduct decomposition by excess of nucleophile (methanol, triethylamine, 2, 6-
di-tert-butylpyridine) [1, 24, 25].  
       The main drawbacks of the abovementioned processes are (i) low reaction temperatures, (ii) 
use of expensive reagents, and (iii) use of multistep procedures. Recently, it has been shown that 
solvent-ligated complexes of the general formula [M(NCCH3)6](A)2 (M = Mn, Mo, Cu, and A = 
non-coordinating borate anions) [3-5, 19, 23, 26-29] can polymerize isobutylene in the 
temperature range 20 to 60 oC to produce highly reactive polyisobutylenes (60-95% of exo-olefin 
groups) with molecular weight between 300 and 13,000 g/mol and reasonable molecular weight 
distribution Mw/Mn = 1.4-3.0. However, these complexes are currently too expensive to be of 
significant interest to the industry. Also, heteropolyacids of the formula (NH4)2.5H0.5PW12O40 
have been recently shown to polymerize isobutylene at -5 oC into highly reactive PIBs (70-85% 
of exo-olefin groups) with Mw =1000-3500 g/mol, but with very broad molecular weight 
distribution (Mw/Mn = 5-25) [3-5, 19, 23, 26-29]. In addition, an interesting and simple initiator, 
tert-butyl chloride/EtZnCl, has been used in the synthesis of molecular weight PIBs (Mw 
=10,000-29,000 g/mol) with exo-olefin terminal groups at 20 oC. However, a high content of 
vinylidene end groups (85-92%) has been observed only at low conversions (< 30%); and only 
60% of exo-olefin terminal groups was detected at about 95% of monomer conversion. 
       Recent studies of the living cationic polymerization of isobutylene and copolymerization 
with isoprene have just begun; and so far, living copolymerization of isobutylene and isoprene 
has produced a random copolymer with narrow molecular weight distribution and a well-defined 
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structure [3, 7]. For instance, the BCl3/cumyl acetate polymerization in methyl chloride or 
methylene chloride at - 30 oC produces copolymers with 1 - 8 mol% trans-1, 4-isoprene units 
having a molecular weight between 2000 and 12,000 g/mol with Mw/Mn under 1.8.  
       The advent of the living polymerization of isobutylene has led to the preparation of a large 
number of new isobutylene-based materials. High molecular weight copolymers of isobutylene 
and isoprene have been prepared at temperatures 40-50 oC greater than that is commercially 
practiced using metallocenes and single-site initiators. Newer Lewis acids, such as 
methylaluminoxane and weakly coordinating anions or their salts, such as B(C6F5)3 or 
R+[B(C6F5)4]
− have also been used to produce high molecular weight copolymers at high 
temperatures. Table 1-6 highlights several kinetic rate expressions available in the literature.  
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Table 1-6. Literature review of the isobutylene polymerization kinetics 
Initiator Conditions Kinetic Investigation Reference 
Stannic Chloride 








Carbocationic polymerization in hexane over the 
temperature range 0 to -30 oC. 




AlBr3 in the presence of 
some Friedel-Crafts 
halogenides (TiC14, 
TiBr4, and SnCl4) 
Carbocationic polymerization in heptane over the 
temperature range -12 to -14 oC. The rate of 
polymerization of isobutylene catalyzed by AlBr3 
in the presence of some Friedel-Crafts halogenides 
(TiC14, TiBr4, and SnCl4) in nonpolar medium and 
in the absence of H2O is much higher than in 
polymerization catalyzed by AlBr3 alone. The 
catalytic activity increment decreases in the order 
TiC14, SnCl4, and TiBr4. In the system AlBr3-
TiCl4, the conversion is dependent only on the 
concentration of AlBr3. 







Radiation-induced polymerization of isobutylene 














Initiator Conditions Kinetic Investigation Reference 
Table 1-6 (continued) 
Lewis acids (VCl4, 
TiCl4, TiBr4, SnCl4, and 
AIBr3) and their 
mixtures 
Polymerization of isobutylene with Lewis acids in 
n-heptane solution in the dark and under 
irradiation at 400-480 nm at -80 to -150 oC. 
Radical-cation initiation by visible light was 
observed during the polymerization of isobutylene 
by VCl4, TiCl4, and TiBr4, and by Electron Spin 
Resonance (ESR) spectra. The inhibiting effect of 
oxygen in photochemically initiated 
polymerization of isobutylene was observed. 
No kinetics investigation 




Investigated the effect of 2,6-di-tertbutylpyridine 
(DtBP) on the polymerization of isobutylene at -50 
oC. 
It was found that in the absence of DtBP, initiation 
by cumulation, chain transfer to monomer is 
absent, and termination is by chlorination. 
Whereas, in the presence of DtBP, conversions 
and molecular weights decrease as a function of 
DtBP concentration, indicating that while DtBP 
does not interfere with non-protic initiation by the 
C6H5C













= 1.28 × 10−2 𝑎𝑛𝑑 5 × 10−4  
with and without DtBP respectively 
Guhaniyogi 





Living polymerization of isobutylene (IB) in 
CH3Cl, CH2Cl2, and C2H5Cl solvents and a 90:l0 




= 0.96 𝑖𝑛 𝐶𝐻3𝐶𝑙 






Initiator Conditions Kinetic Investigation Reference 
Table 1-6 (continued) 
1,4-bis( 1-chloro-1- 
methylethy1)benzene 





Initiators in the Presence 
of Di-tert-butylpyridine 
as a Proton Trap 




Gyor et al. 
(1991) [32] 
1,4-dicumyl alcohol 
and boron trichloride  
( BC13) 
Living carbocationic polymerization in CH3Cl2 at -
65 oC, with trimethylamine used as an electron 
donor. 
The addition of an electron donor was found to 
effectively reduce the molecular weight 
(narrowing effect) of the resulting polymers. 
Moreover, the addition of trimethylamine resulted 
in the suppression of cyclo-alkylation and the total 
elimination of initiation due to protic impurities. 
No kinetic investigation 






Living carbocationic polymerization in CH3Cl2 at -
40 oC. 
Able to synthesize low molecular weight, living 
(near monodisperse) polyisobutylenes carrying 
“ethyl” head group and “tert-chloro” end group 
(asymmetric telechelic polyisobutylenes). 
No kinetic investigation 




Initiator Conditions Kinetic Investigation Reference 
Table 1-6 (continued) 
BCl3 and CH3Cl 
Investigated Isobutylene polymerization using 
both haloboration and self-ionization initiation 



















= 8.8 × 10−3 𝑠−1 




Cationic polymerization in toluene carried out at -
78 oC, resulting in a isobutylene homopolymer 
with a high weight average molecular mass of -5 x 
l05 and a narrow polydispersity, or an isobutylene-
isoprene copolymer. 







hydrochloride in the 




Living polymerization in CH2Cl2 at -78 
oC. 
The reactions followed second-order kinetics, first-
order with respect to initiator (diisobutylene or 
triisobutylene hydrochloride), first-order with 









𝐾𝑘𝑝[𝑅 − 𝐶𝑙][𝐵𝐶𝑙3][𝐶4𝐻8] 




Initiator Conditions Kinetic Investigation Reference 















Carbocationic polymerization in hexane, methyl 
cyclohexane and toluene at -20 oC. The presence 
of a proton trap can eliminate proton initiation and 
confine initiation to that stemming from the metal 
cation. Similar results can be achieved when water 
concentration is kept below 1 x 104 mol/L in the 
solvents. Initiation from the metal cation is very 
inefficient. However, once initiated, isobutylene 
polymerization follows and usually goes to 
reasonable conversions. 






Living cationic polymerization carried out over the 
temperature range -50 to -80 oC. 
𝑟𝑝 = 𝑘𝑝[𝑅
+][𝑀] 
Where [𝑅+] is the concentration of 











Carbocationic polymerization in 60/40 














[P-tCl] is the tert-chloride chain 







Initiator Conditions Kinetic Investigation Reference 
Table 1-6 (continued) 
TiCl4 
Living Polymerization carried out at -80 oC, 
investigated effect of initial concentration of 
initiator, solvent quality, monomer concentration 






) = 𝐾1𝑘𝑝[𝑇𝑖𝐶𝑙4]0𝑡 
Paulo et al. 
(2000) [39] 
Conventional tertiary 
alkyl chloride initiators 
Dimethylaluminum chloride catalyzed living 
isobutylene polymerization in 60/40 v/v 
nonpolar/polar solvent mixtures of 
hexane/methylene chloride and hexane methyl 




) = 𝐾1𝑘𝑝[𝑇𝑖𝐶𝑙4]0𝑡 
𝑀𝑤
𝑀𝑛









(TMPCl) in conjunction 
with TiCl4 
Living Polymerization carried out at -80 oC in 
hexane/methyl chloride or 
methylcyclohexane/methyl chloride (60:40 v/v) 
cosolvents, and either 2,4-dimethylpyridine (DMP) 
or 2,6-di-tert-butylpyridine (DTBP) was used as an 







Where [𝐶𝐸] is the total concentration 














+][𝑀] + [𝑅+𝐴−][𝑀]) 
𝑘𝑝 = 10
5 𝐿𝑚𝑜𝑙−1𝑠−1 




Initiator Conditions Kinetic Investigation Reference 
Table 1-6 (continued) 
Proton exchanged 
Montmorillonite clay 
Polymerization in methylene chloride/hexane 
solvents at -7 oC. Monomer conversion was found 
to be higher in non-polar (hexane) solvent when 





No kinetic investigation 
Harrane et al. 
(2002) [41] 
TiCl4, Me2AlCl, and 
BCl3 
Carbocationic polymerization in hexane/MeCl 












Sipos et al. 
(2003) [17] 
TiCl4 
Living polymerization of polyisobutylenes 
possessing exclusively exo-olefin end groups was 
carried out by end-quenching TiCl4-catalyzed 
quasi-living isobutylene (IB) polymerizations with 
a hindered base at -60 to -40 °C. 
Polymerizations were initiated from either 2-
chloro-2,4,4-trimethylpentane (TMPCl) or 1,3-
bis(2-chloro-2-propyl)- 
5-tert-butylbenzene, in 60/40 hexane/methyl 
chloride in the presence of 2, 6-dimethylpyridine. 
Coupling of ionized chain ends with 
exo-olefin terminated chains is a 
complicating side reaction whose 
severity increases as [CE] increases 
and/or as temperature decreases. 
Higher temperatures produce higher 
concentrations of free base, which 
suppresses coupling and enables 
faster proton abstraction. 




Initiator Conditions Kinetic Investigation Reference 
Table 1-6 (continued) 
Methylaluminum 
Bromide Coinitiators 




De and Faust 
(2006) [43] 
AlBr3 
Solution polymerization of isobutylene in heptane, 
catalyzed by aluminum tribromide was 
investigated over the temperature range between -
60 to +20 oC., 
The polymerization was found to take place at a 
high rate even at low catalyst and monomer 
concentrations, without addition of water as a 
cocatalyst. The overall rate of polymerization was 
found to be of first order with respect to the 
monomer and of second order to the catalyst. The 
activation energy of the polymerization was found 







𝑘 = (1.5 ± 0.4) × 105𝑠−1𝑚𝑜𝑙−2𝑙2 





Cationic polymerization of isobutylene using 
AlCl3 based initiating systems at -20, -40 and-60 
oC. 





1.4 LITERATURE STUDIES ON ISOBUTYLENE POLYMERIZATION REACTION 
MECHANISMS 
Generally, the reaction mechanism of the isobutylene polymerization is shown in Figure 3; and 
as can be observed, once a hydrogen ion breaks the isobutylene double bond, an isobutyl 
carbocation forms. The positively charged isobutyl carbocation then proceeds to add more 
monomers to the growing polymer chain by breaking the double bond of the isobutylene 




Figure 1-3. Isobutylene polymerization processes reaction mechanism [5] 
 
As a matter of fact, the mechanism of isobutylene polymerization has been extensively 
investigated in the literature, and numerous different mechanisms have been proposed depending 
on the type of initiators and the reaction conditions used, as given in Table 1-7.  
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Table 1-7. Proposed mechanisms for isobutylene polymerization [3-5, 19, 23, 26-29] 
Proposed Mechanistic Scheme Reference 


















Chmelir et al. 
(2007) [24] 
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Proposed Mechanistic Scheme Reference 
















Proposed Mechanistic Scheme Reference 
Table 1-7 (continued) 






Balogh et al. 
(1994) [35] 




Harrane et al. 
(2002) [41] 
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Proposed Mechanistic Scheme Reference 
Table 1-7 (continued) 
5-tert-butyl-1,3-bis(2-chloro-2-propyl)benzene (t-Bu-m-DCC) or 2-chloro-
2,4,4-trimethylpentane (TMPCl) in conjunction with TiCl4 
 
 









Paulo et al. 
(2000) [39] 
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Proposed Mechanistic Scheme Reference 
Table 1-7 (continued) 
Photo-initiation of isobutylene polymerization with Lewis acids 
 
Marek et al. 
(1976) [12] 
Initiation of the polymerization initiated by AlBr3 in the presence of some 














Proposed Mechanistic Scheme Reference 
Table 1-7 (continued) 
Initiating schemes of diisobutylene hydrochloride or triisobutylene 








1.5 COMMERCIAL ISOBUTYLENE POLYMERIZATION PROCESSES 
Most of the isobutyl polymers are commercially produced by copolymerization of isobutylene 
and isoprene in the presence of methylchloride (CH2Cl2) as a solvent and an initiator consisting 
of a Lewis Acid and an alkyl halide. The Lewis acid used in many of the commercial butyl 
rubber plants is aluminum chloride, which is a low-cost solid soluble in methylchloride. 
Aluminum alkyls solutions are now becoming more popular because they simplify the initiator 
preparation and have been shown to increase the monomer conversion. The manufacture of high 
molecular weight polyisobutylene (PIB) requires a complex process consisting of feed 
purification, feed blending, polymerization, slurry stripping, and finishing.  
       Figure 1-4 shows a schematic diagram representing the major units in a PIB plant. An 
alternative process, developed in Russia, uses a C5–C7 hydrocarbon as a solvent and an 
aluminum alkyl halide as an initiator; and the polymerization is conducted in scraped surface 
reactors at -90 to -50 oC [19, 21, 23, 28, 29, 42, 45]. The solution process avoids the use of 
methylchloride, which is an advantage when producing high molecular weight PIBs. However, 
the energy costs of this process are greater than those of the slurry process because of the higher 
viscosity of the polymer solution.  
       Figure 1-5 shows the process for preparing low molecular weight, highly reactive PIBs 
developed by BASF. The process is carried out in the liquid-phase of isobutene or in 
hydrocarbon streams comprising isobutene, with the aid of a boron trifluoride complex initiator 
operating at - 40 to 20 °C and at pressures from 1 to 20 bar. The polymerization is carried out 
until the residual isobutene content of the reaction mixture is less than 2% by weight. Moreover, 
the boron trifluoride complex initiator, which is obtained in the form of dispersed droplets or 
coherent phase, is subsequently enriched and recycled back to the polymerization unit. This 
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process is claimed to produce low molecular weight, highly reactive polyisobutylene having an 
average molecular weight from 500 to 5000 g/mol and a terminal double bond content of more 
than 80 mol % [8]. 
 
 
Figure 1-4. Schematic of the high molecular weight (butyl rubber) IB polymerization process [3, 5]  
 
 
Figure 1-5. Schematic of the BASF low molecular weight IB polymerization process [8] 
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The manufacture of halopolyisobutylenes, such as bromobutyl, chlorobutyl, and exxpro 
[bromopoly(isobutylene-co-p-methylstyrene)] requires a second chemical reaction, which is the 
halogenation of the polymer backbone. This can be achieved in two ways: (1) the finished 
polymer produced in the butyl plant can be dissolved in a hydrocarbon solvent, such as hexane or 
pentane; and (2) a solvent replacement process can be used to dissolve the polymer from the 
slurry leaving the reactor. A schematic flow diagram of the halogenation process is shown in  








1.5.1 Monomer purification  
In order to produce high molecular weight polymers with high isobutylene conversion and a 
reasonable reactor service factor, the feed must be pure and dry. The process has to start with 
high quality isobutylene (> 99%), which must be dried, and other olefins, e.g., butene-1, butene-
2, propene, and oxygenated hydrocarbons, such as dimethylether and methanol, have to be 
removed. A number of commercial processes are available for producing the required high purity 
isobutylene. An extraction process based on sulfuric acid has been developed by several 
companies and is being used extensively [46]. Significant quantities of isobutylene are also 
produced by dehydration of tert-butyl alcohol. The highest purity isobutylene is produced by 
MTBE (methyl-t-butyl ether [1634-04-4]) decomposition plants. This process starts with the 
selective reaction of dilute isobutylene in a C4 stream with methanol over an acid ion-exchange 
resin, e.g., Amberlyst 15, to form MTBE. This ether is used mainly as a high octane blending 
component for low lead gasoline. Catalytic decomposition at 170-200 oC and 600 kPa (5.9 atm) 
over a fixed-bed of acid catalyst, e.g., SiO2Al2O3 or Amberlyst 15, produces high purity 
isobutylene. The isobutylene is then dried by azeotropic distillation and purified in a super-
fractionating distillation column to reduce the butenes to < 1000 ppm. It is important to note that 
if water is not removed, it will cause icing in the feed chillers, leading to a poor reactor service 
factor. The purified isobutylene is then blended with a recycled methylchloride stream 
containing a low level of isobutylene (∼5%). Finally, the co-monomer, isoprene or p-
methylstyrene, is added. In this blending process, the control of the ratio of the co-monomer to 
the isobutylene is very important. This is because it has a significant impact on the composition 
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of the polymer produced, the monomer conversion, and the stability of the reactor operation. For 
these reasons, a combination of both an analyzer and a mass balance control are often used to 
maintain the composition of the feed blend. The feed blend contains 20-40 wt% of isobutylene 
and 0.4-1.4 wt% of isoprene or 1-2 wt% of p-methylstyrene, depending on the grade of butyl 
rubber to be produced; and the remainder is methyl chloride.  
1.5.2 Polymerization  
An initiator solution is produced by passing pure methylchloride through packed beds of 
granular aluminum chloride at 45 oC. The concentrated solution formed is diluted with additional 
methylchloride to which an initiator activator is added and the solution is later stored. Before 
entering the reactor, the feed blend and initiator solutions are chilled to -100 to -90 oC in a series 
of heat exchangers. The cold feed and initiator are introduced continuously into the reactor 
including a central vertical draft tube surrounded by concentric rows of cooling tubes. The 
reactor is constructed with 3.5% or 9 wt% nickel steel, or alloys, which have adequate impact 
strength at the low temperature of the polymerization reaction. The production of high molecular 
weight butyl requires a polymerization temperature below -90 oC and the reaction is exothermic, 
generating 0.82 MJ/kg (350 Btu/lb) of heat. This requires a two-stage refrigeration system which 
uses boiling propylene or propane and ethylene as refrigerants. In some plants ammonia is used 
in the first stage of the refrigeration process. 
       The reactor is the main unit of all butyl plant and the operation of the other units of the plant 
is dictated by the reactor. In the reactor, polymer chains are produced by the initiator and 
propagate in solution. The chain propagation occurs in microseconds, but the overall reaction 
rate is controlled by the slower initiation sequence. As individual polymer, formed molecules 
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precipitate to produce a fine milky slurry of submicron-sized particles. These particles grow in 
the reactor by agglomeration. 
       The molecular weight of the polymer produced is set by the ratio of the chain-making to 
chain-terminating processes. In commercial plants, the molecular weight and composition of the 
polymer formed are controlled by the concentration of the monomer in the reactor liquid-phase 
and the amount of the terminating or transfer species present to interrupt the chain growth. The 
slurry composition depends on the monomer content of the feed stream and the extent of the 
monomer conversion. In practice, the flow rate of the monomer and initiator to the reactor are the 
principal operating variables, where their residence time is often in the range 30-60 min. The 
original reactor design, known as the draft tube reactor, has been used commercially since the 
initial development of butyl in the 1940’s. An improved design, in which the draft tube is 
replaced by additional tubes and the circulation pump is redesigned, has recently been proposed 
[44]. In addition to these changes of the mechanical design of the reactor, improvements of the 
polymerization chemistry and solvent have been investigated in the last decade, such as the use 
of supercritical carbon dioxide and the aluminum alkyls. 
1.6 EFFECT OF MIXING 
Polymer properties are significantly affected by the uneven distribution of some intermediate or 
transitional species, which make up the bulk of the polymers. Polymer size distribution can 
mainly be controlled through mixing strategies during the polymerization reaction. Cationic 
polymerization is typically sensitive to mixing [47]. In order to set up a proper model to mimic 
the real conditions, one must take mixing effects into consideration so that the derived polymer 
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properties (Conversion, Mn, PDI (Polydispersity Index)) do not deviate from the expectation. 
According to Tosun [47], however, one challenge in modeling the effects of mixing is related to 
the fact that the viscosity of the polymer steadily changes during the polymerization process, 
which requires the adjustment of the assumptions regarding the degree and homogeneity of the 
turbulence created, which governs the micro- and macro- mixing in the process. Moreover, 
incorporating detailed polymerization with a mixing model will results in a mathematical 
complexity. 
       Despite the difficulty of building a comprehensive model which combines reaction kinetics 
and mixing, extensive efforts have been made in the past decades to explain the interaction in 
these complex systems. Marini and Georgakis [48] developed a compartmental model to 
investigate the effect of imperfect mixing on the production of low density polyethylene (LDPE) 
in stirred tank reactors, by accounting for the effects of mixing limitations at the initiator feed 
point. Their model showed that imperfect mixing in the reactor leads to significant variations in 
the molecular weight distribution of the polymer. 
       Villermaux [49] developed a mixing model using segregated zones with bulk convection and 
mass diffusion across the zone interfaces in stirred tank reactors with the aim of highlighting the 
effects of micro- and macro- mixing scales on the reactor performance. Tosun [47] extended 
Villermaux’s mixing model to the radical polymerization in a stirred tank reactor with 3 
segregated zones, which include two feeding zones for the initiator and the monomer, and one 
cumulative zone, exchanging mass with the other two feeding zones. In these models, the 
Damkoehler number (DaM) is used in order to describe the speeds of mixing and reaction. It is 









In this equation, τR is defined mathematically as the inverse of the kinetic rate constant as given 







Also, τM is defined as a local mixing time constant, which counted from the initial contact of the 
reactants molecules until the homogenous presence at micro-level. From industrial application 
perspective, τM is referred to as the blend time, which is the time required to achieve a certain 






Where 𝐶∞ is the concentration of a tracer after an infinite period of time. 
       A standard target homogeneity of 95% is typically considered sufficient for many industrial 
applications [50]. An alternative method to calculate τM at 99% homogeneity, which also 
accounts for the geometric characteristics of the mixing vessel and impeller is Equation (12), 
















In this equation, N is the impeller speed in revolution per second (rps), Dimp and Dr are the 
impeller and reactor diameters, respectively, and Hr is the fluid height inside the reactor. Also, α 
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and β are empirical coefficients, which are specific for each impeller type, as given in Table 1-8. 
The impeller types of interest are shown in Figure 1-7. Also, Figure 1-8 illustrates the effect of 
mixing speed on the mixing time constant (τM) calculated using Equation (12) for the different 
impellers types and sizes (Dimp/Dr) at Hr/Dr = 1.  
 
Table 1-8. Empirical coefficients for Equation (12) for different impeller types [51] 
Impeller type α β 
Six blade disk turbine 1.06 2.17 
Four blade flat turbine 1.01 2.30 
Four blade pitched turbine 0.641 2.19 
Chemineer HE-3 turbine 0.272 1.67 
Marine propeller 0.274 1.73 
 
 




























































































It should be noted that in Equation (10), if the mixing time constant (τM) is much greater than the 
reaction time constant (τR), i.e., at high DaM value, the reactants molecules have limited contact 
time due to the poor mixing condition. Thus the apparent reaction kinetic rate is strongly affected 
by the mixing rate.  
1.7 NUMBER AVERAGE MOLECULAR WEIGHT (MN), WEIGHT AVERAGE 
MOLECULAR WEIGHT (MW), AND POLYDISPERSITY INDEX (PDI) 
The most commonly used definitions to describe polymer molecular weight are: Number average 
molecular wright Mn, and weight average molecular weight Mw. The number average molecular 







Where Mi is the molecular weight of polymer i chain and Ni is the number of polymers with 
molecular weight Mi. In some cases, Mn could be predicted by the polymerization reaction 
mechanism, but in most circumstances it is measured through experimental methods such as end-
group analysis, ebullioscopy, osmometry and cryoscopy [3]. 
       The weight average molecular weight (Mw) denotes ‘how much’ polymer i contribute to the 
total average molecular weight as defined in Equation (14). A growing Mw can reliably tell the 
general propagation of most polymers, whereas same phenomenon cannot represent the overall 









Molecular weight distribution is also called polydispersity index (PDI). It is defined as the ratio 
of the weight average to the number average molecular weight. 
 
PDI = Mw/Mn (15) 
 
In the ideal case where PDI = 1, the polymer chains are monodispersed. As the polymer 
distribution broadens, PDI increases, and therefore PDI is used to measure the broadness of a 
polymer distribution.  
       It should be mentioned that polydispersity in cationic polymerization varies considerably 
due to the competitive rate of initiation, termination and chain transfer reactions. Typically, a 
rapid initiation usually narrows PDI, similarly, inhibited termination and chain transfer reactions 
can also effectively drive PDI closer to the unity [3]. In living cationic polymerization, where 
chain breaking reactions are almost nonexistent, the polydispersity is ideally one. 
1.8 MODELING ISOBUTYLENE POLYMERIZATION USING ASPENPLUS 
Basha et al. [52] developed a kinetic model in AspenPlus v. 7.2 for the IBP process carried out in 
a size of 4.5 m3 using Aluminum Chloride (AlCl3) as initiator in hexane as a solvent. The feed to 
the reactor was set to 1000 kg/hr (95% isobutylene monomer and 5% AlCl3 initiator). The 
reactions were assumed to follow the cationic polymerization and were set at - 80 oC and 1 atm. 
Since there were no available literature data for AlCl3, the model predictions could not be 
validated. However, the model was used to predict the experimental data by Zhao et al. [53, 54], 
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obtained for IBP using a different initiator (TiCl4) at different temperature - 95 
oC in a 2-gallon 
pilot plant reactor. Details of this model can be found in Appendix A.  
       The problems associated with this Aspen model are (1) it is over simplified and limited only 
to the AlCl3 initiator; (2) the reaction rate constants for each step could not be found in the 
literature and therefore they were estimated; (3) validation of the model predictions was 
impossible due to the lack of experimental data; and (4) the effect of mixing was not included. 
Thus, there is a great need to develop a comprehensive model capable of predicting the 





2.0  RESEARCH OBJECTIVE 
The preceding section demonstrated that reaction kinetics and mechanisms of the isobutylene 
polymerization are widely different/complex and the process could be carried out in agitated 
reactors under different operating conditions. The overall performance of these reactors is 
governed by the reaction kinetics, which are independent of the reactor type and size, and by the 
mixing and transport parameters, which are strongly dependent, not only on the reactor type and 
size, but also on the operating conditions.  
       The overall objective of this study is to develop a comprehensive reactor model to predict 
the performance of the isobutylene polymerization process in agitated vessels, which can be 
easily fine-tuned and ultimately used to optimize process. The model should account for the 
isobutylene polymerization reaction kinetics as well as mixing characteristics. The basic reactor 
model equations are material balance for all phases, energy balance and momentum balance. 
These model equations include many parameters, which are related to the reaction kinetics, 
mixing, heat and mass transfer. These parameters are required in order to solve the model 
equations. The interplay among these parameters shows that they are dependent on the reaction 
and mixing time scales which are directly related to the operating conditions as well as reactor 




Figure 2-1. Interplay among the equation parameters required for the reactor model 
 
In order to achieve this objective, the following two tasks were carried out: 
Task 1: A kinetics-based model for the isobutylene polymerization process in agitated reactors 
was developed in Matlab. The model incorporated four main reaction steps, initiation, 
propagation, chain transfer and termination. A sensitivity analysis investigating the effect of 
different kinetic reaction rate constants on three main performance metrics, monomer 
conversion, number average molecular weight and polydispersity index, was performed.  
Task 2: The effect of mixing was incorporated into the model and implemented into Matlab. The 
model was subsequently used to investigate the effects of mixing on the isobutylene 

























3.0  RESEARCH APPROACH 
3.1 KINETIC MODEL AND NOTATIONS 
In this study, the reactor model developed was based on the reactive system by Vasilenko et al. 
[44, 55] for the cationic polymerization of isobutylene using AlCl3/H2O as initiator. The 
notations used in the model to represent the different species involved are provided in Table 3-1. 
 
Table 3-1. Notations used in the model 
Notation Species 
[I]: Concentration of initiator 𝐴𝑙𝐶𝑙3 
[S]: Concentration of Solvent Hexane 
[M]: Concentration of monomer  (𝐶𝐻3)2𝐶 = 𝐶𝐻2 
[A]: Concentration of active unit 𝐻[𝐶𝐻2𝐶(𝐶𝐻3)2]𝑛𝐶𝐻2𝐶
+(𝐶𝐻3)2 
[C]: Concentration of structural unit −𝐻[𝐶𝐻2𝐶(𝐶𝐻3)2]𝑛𝐶𝐻2𝐶
+(𝐶𝐻3)2 − 
[E1]: Concentration of polymer with chain end 
E1 (chain transfer to monomer) 
𝐻[𝐶𝐻2𝐶(𝐶𝐻3)2]𝑛𝐶𝐻2𝐶(𝐶𝐻3) = 𝐶𝐻2 
Or   𝐻[𝐶𝐻2𝐶(𝐶𝐻3)2]𝑛𝐶𝐻 = 𝐶(𝐶𝐻3)2 
[E2]: Concentration of polymer with chain end 
E2 (chain termination) 
𝐻[𝐶𝐻2𝐶(𝐶𝐻3)2]𝑛𝐶𝐻2𝐶(𝐶𝐻3)𝐶𝑙𝐶𝐻2 
 
In the model, the reaction steps used are: 












+ S− (17) 
Chain Transfer to monomer: Cn
+S− +M
Ktr





→ 𝐸2 + 𝑆 (19) 
3.2 ASSUMPTIONS 
The following assumptions were made: 
1. Uniform reaction activity: The reaction activity for all species begins at the same time, 
without any reaction starting earlier or dominating within any time period. This allows all of 
the growing chains with different lengths to actively participate in the process. The only sign 
which can distinguish polymers from others is the end group produced through chain transfer 
or termination. 
2. Linear chain: Polymer chains or actively propagating monomers/initiators with any end 
group are assumed to have straight structure, without any branching. The linear chain 
assumption enables the mass transfer model to accurately estimate the molecular weight 
based on the reaction progress regardless of the disruptive chain growth with other shapes, 
which could occur in actual cases. 
3. Equal chain growth: The length of polymer chain with various end group is identical in all 
cases. This assumption is based on the derivation of Mn, which is dependent on the 
concentration of species [A], [C], [E1], and [E2]. 
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4. Constant reaction rate for every propagating polymer chain length. Although in cationic 
polymerization, this has not been reported, it is necessary to assume reaction rates would by 
no means vary when other peripheral conditions change. For example, propagating chains 
with different length should have the same reaction rate constant; and all the polymerization 
reaction rates constants are not impacted by a temperature change or a variation of 
concentration.  
5. Irreversible reactions: no reaction is reversible so that the consumed reactants and produced 
products can be accumulated and accounted for independently of the process. 
3.3 MASS BALANCE 
The mass balance equations for each reaction step are given in Table 3-2. The transient 
concentration of each species can be determined, and a kinetic sensitivity analysis is conducted 
by varying the kinetic constants. 
 
Table 3-2. Mass balance equations for the different reaction steps 



























The number average molecular weight (Mn) was calculated using the correlation by Chen et al. 








= 2 × (
[𝐶]𝑀𝑤𝐶 + ∑ [𝐸𝑖]𝑀𝑤𝐸𝑖 + [𝐴]𝑀𝑤𝐴𝑖
[𝐴] + ∑ [𝐸𝑖]𝑖
) (20) 
 
The polydispersity index (PDI) was calculated using the correlation by Puskas et al. [18] given in 
















Where X is the conversion, defined as follows:  
 




3.4 MIXING INCORPORATION INTO THE MODEL 
During isobutylene polymerization, the reaction and the mixing rates have competing effects on 
the overall yield. In the case of a reaction containing two reactants, the chemical reaction starts 
when the two reactants are brought in contact at the molecular level, until one or both of them 
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are completely consumed and then the reaction stops. In the case where the mixing time constant 
is much smaller than the reaction time constant, the reaction is slow and the species are 
sufficiently mixed such that the effect of mixing on the reaction can be safely ignored. However, 
in the case of cationic polymerization, the reaction time constant is much smaller than the mixing 
time constant, the reaction is intrinsically rapid and the species are not sufficiently mixed such 
that the effect of mixing on the reaction cannot be ignored. In other words, the overall 
performance of polymer yield is strongly dependent on the mixing.  
       In small-scale applications, mixing effect is insignificant, since small amounts of reactants 
are able to achieve ideal mixing within significantly small time constant, so the measured 
reaction rate is close to the real rate. In industrial-scale applications, however, mixing effect is 
significant since poor mixing, especially during reaction early stages, prolongs the time for the 
molecules to be brought into contact for the reaction to proceed. 
 
3.4.1 The Theory of Segregation  
 
This theory was initially proposed by Baldyga and Bourne [57-59] and further developed by 
Villermaux [49] to provide a more accurate representation of the turbulent mixing and chemical 
reaction. The theory is based on defining the difference between the purest substance and its 
surrounding fluid concentration [47], based on three scales: (1) macro-mixing; (2) meso-mixing; 
and (3) micro-mixing. Macro-mixing scale refers to the distribution of large ‘blobs’ of different 
species over the reaction zone and is typically prevail during the early stages of mixing. Meso-
mixing scale refers to the movement and breakup of these ‘blobs’ due to inertial forces, resulting 
in independent movement of the species and the development of a uniform distribution of the 
species within the reactor. Micro-mixing scale refers to the size reduction of these ‘blobs’ due to 
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velocity gradients (such as near the tip of the impeller) which results in higher interfacial area for 
contact. 
       This theory was further developed by Tosun [47] when modeling a semi-batch reactor with 
three major segregation zones for free radical polymerization. In his model, a segregating zone 
was introduced to mimic the condition that channels of mass transfer among each zone are 
governed by dimensionless mixing time scale (𝜃𝑀), which represents the lifetime of various 
turbulent eddies (macro-mixing, meso-mixing, and micro-mixing); and the dimensionless 
molecular diffusion time scale (𝜃𝑋). Also, the segregated feed zone model was built on the semi-
batch stirred reactor with two separated inlet streams which contain isobutylene monomer and 
initiator. 
       In this study, our mixing model is composed of three segregated zones as shown in Figure 
10. Zone 1 is the initiator, Zone 2 is the monomer and Zone 3 is the polymer. The initiator with 
an initial concentration C0j1 is fed into zone V1 at a flow rate Q1. Likewise, the monomer with the 
concentration C0j2 is fed into zone V2 at a flow rate Q2. V1 and V2 exchange mass with the larger 




Figure 3-1. Scheme of mixing model with segregation zones 
 
The bulk flow movement inside the reactor will determine the mixing time scale (𝑡𝑀), which 
refers to the time required to achieve mixing homogeneity starting from the point of complete 
segregation, and expresses the combined effects of macro- and micro-mixing. tM was also 
reported to be proportional to the internal mean eddy life time [49]. Thus, the segregation model 
incorporates the volume balance and mass balance to predict the yield of the produced polymers 
when accounting for the influence of mixing.  





















𝑉𝑇 = 𝑉1 + 𝑉2 + 𝑉3 (27) 
𝑑𝑉𝑇
𝑑𝑡
= 𝑄1 + 𝑄2 (28) 
 
VT is the total volume of fluid in the reactor. 
       The mass balance Equations (29) to (32) for the jth species in each zone and in the whole 




= 𝑅𝑗1𝑉1 + 𝑄1𝐶𝑗1




= 𝑅𝑗2𝑉2 + 𝑄2𝐶𝑗2




= 𝑅𝑗3𝑉3 + 𝐹𝑗13 + 𝐹𝑗23 (31) 
𝑑(𝑉𝑇𝐶𝑗)
𝑑𝑡
= 𝑅𝑗𝑉𝑇 + 𝑄1𝐶𝑗1
0 + 𝑄2𝐶𝑗2
0  (32) 
 
Rj represents the kinetic reaction rate of each species, as given in Equations (33) to (38): 
 
𝑅𝑀𝑗 = −𝑘𝑖[𝐼]𝑗[𝑀]𝑗 − 𝑘𝑝[𝐴]𝑗[𝑀]𝑗 − 𝑘𝑡𝑟[𝐴]𝑗[𝑀]𝑗 (33) 
𝑅𝐼𝑗 = − 𝑘𝑖[𝐼]𝑗[𝑀]𝑗 (34) 
𝑅𝐴𝑗 = 𝑘𝑖[𝐼]𝑗[𝑀]𝑗 − 𝑘𝑡[𝐴]𝑗 (35) 
𝑅𝐶𝑗 = 𝑘𝑝[𝐴]𝑗[𝑀]𝑗 (36) 
𝑅𝐸1𝑗 = 𝑘𝑡𝑟[𝐴]𝑗[𝑀]𝑗 (37) 
𝑅𝐸2𝑗 = 𝑘𝑡[𝐴]𝑗 (38) 
 




𝑘𝑝: [  𝑚𝑜𝑙/𝑚
3]−1𝑠−1 





















(𝑉1 + 𝑉2)(𝐶𝑗1 − 𝐶𝑗2)
𝑡12
= 0 (41) 
 
In the above equations, t13, t23 and t12 (or tx where x =13, 23 and 12) refer to the time related to 
mass diffusion across the interface, driven by the concentration gradient at the boundary of two 
segregated zones. Also, t13 and t23 are linked with the natural mass diffusion time, however t12 is 
considered to be infinite because the two feed zones 1 and 2 are almost completely segregated 
[57-59] and therefore this term is analogous to the mass diffusivity for each species. 
In the case of ideal mixing, the mixing (tM) and diffusion time (tx) are close to zero, which means 
that mixing in the three zones reaches completion once the monomer and initiator enter the 
reactor. On the other hand, if tM and tx are infinite, it means that the zones are completely 
segregated and no reactions take place.  
       In our model, since the initiator dissociates readily in the solvent and the initiation step 
occurs instantaneously when compared with the propagation step, it is assumed that the there is 
no mass exchange between Zones 1 and 2, and that the initiator and monomer are completely 
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mixed upon entering the reactor, therefore the term Fj12 is set to zero in the Equation (41). 












Subsequently the terms 
𝑑𝑉1
𝑑𝑡
 and 𝐹𝑗13 were replaced with Equations (24) and (39), respectively, 












































































Every species involved in the equations is then listed in Table 3-3 below, where the jth species is 
represented with a first number denoting the species and a second number denoting the zone. For 





Table 3-3. Species concentration variables in this model 
Species Zone 1 Zone 2 Zone 3 
Initiator: [I] C11 C12 C13 
Monomer: [M] C21 C22 C23 
Active Monomer: [A] C31 C32 C33 
Polymer Chain: [C] C41 C42 C43 
Polymer undergoing chain transfer: [E1] C51 C52 C53 
Polymer undergoing chain termination: [E2] C61 C62 C63 
V V1 V2 V3 
3.5 NORMALIZATION OF THE MODEL EQUATIONS 
Reference variables are introduced to normalize each variable appearing in the above equations, 
such that the numerically derived solutions would not be impacted by the units, but rather 
indicate the behavior of model variables. Three referencing values were introduced, T0, V0 and 
C0, representing the time, volume and concentration, respectively. To represents the reaction half-
life time, which is considered as the time when the concentration of the monomer [M] drops to 
















Where k0 is the pseudo first order kinetic constant for the monomer consumption, which was 
approximated to be equal to the termination rate constant (kt) [60].  
       The reference concentration C0 is taken to be [M]0, which is the concentration of the 
monomer feed stream. In addition, V0 is chosen as the initial volume of solvent in the reactor. 
Hence, all of the variables could be redefined as shown in Equations (47) to (53). 
?̂? = 𝑉 𝑉𝑜 =⁄ 𝑉 𝑉𝑇(𝑜)⁄  (48) 
𝜃 = 𝑡 𝑇𝑜⁄  (49) 
?̂? = 𝑇𝑜𝑄 𝑉𝑜⁄  (50) 
𝐶?̂? = 𝐶𝑗 𝐶𝑜⁄  (50) 
𝜃𝑀 = 𝑡𝑀 𝑇𝑜⁄  (51) 
𝜃𝑋 = 𝑡𝑋 𝑇𝑜⁄     (X = 13, 23) (52) 
𝜃12 = 𝑡12 𝑇𝑜⁄    (infinite)  (53) 
 
Subsequently, the normalized volume balance and mass transfer equations can be rewritten as  
Equations (54) to (60). 
𝑑(?̂?1?̂?𝑗1)
𝑑𝜃
= ?̂?𝑗1?̂?1 + ?̂?1?̂?𝑗1
𝑜 − ?̂?𝑗13 − ?̂?𝑗12 (54) 
𝑑(?̂?2?̂?𝑗2)
𝑑𝜃
= ?̂?𝑗2?̂?2 + ?̂?2?̂?𝑗2
𝑜 − ?̂?𝑗23 − ?̂?𝑗12 (55) 
𝑑(?̂?3?̂?𝑗3)
𝑑𝜃
= ?̂?𝑗3?̂?3 + ?̂?𝑗13 + ?̂?𝑗23 (56) 
𝑑(?̂?𝑇?̂?𝑗)
𝑑𝜃
= ?̂?𝑗?̂?𝑇 + ?̂?1?̂?𝑗1
0 + ?̂?2?̂?𝑗2

















(?̂?1 + ?̂?2)(?̂?𝑗1 − ?̂?𝑗2)
𝜃12
≈ 0 (60) 
 
Equations from (54) to (60) were solved numerically by Matlab using a fourth order Runge-
Kutta method, represented using the ODE45 function [61, 62] in order to calculate the monomer 
conversion, number and weight average molecular weights, and polymer polydispersity index of 





4.0  RESULTS AND DISCUSSIONS 
4.1 EFFECTS OF REACTION RATE CONSTANTS ON THE MODEL PREDICTIONS 
IN THE ABSENCE OF MIXING 
A sensitivity analysis was conducted to investigate the effect of kinetic rate constants for 
initiation, propagation, chain transfer and termination on the model prediction of the monomer 
conversion, number average molecular weight and the polydispersity index, was conducted. The 
simulation was based on only pure reaction kinetics, which was borrowed from the method of 
chain analysis [18, 39, 53, 63]. In this method, the macro-molecules with various chain lengths 
and structures can be simplified as polymers possessing several types of end groups. It is 
important to note that the effect of mixing was ignored in these sensitivity analysis calculations. 
The following assumptions were made for the sensitivity analysis:  
1. The average length of each polymer chain (Mn) is composed of 50 monomers and 1 end 
group structure; 
2. The reactor has a dimensionless volume of 30 and the two inlet streams having 
dimensionless flow rates were at 1 for each. These values were arbitrarily selected to 
allow for sufficient representation of the reactor performance. 
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3. The dimensionless batch time (𝜃𝐵) was set to 15, which was enough to complete all 
required calculations. 
 
The values of the parameters set in Matlab for solving the differential equations are given in 
Table 4-1. 
Table 4-1. Model parameters used in Matlab to investigate the effects of reaction rate constants 
Parameter Value Comments 
Tspan [0 ,15] Running time boundaries 
Initial conditions [1,0,0.01,0,0,0] [[M],[A],[I],[E1],[C],[E2]] 
ki 10 to 10
5 mol/m3∙s Range investigated 
kp 10 to 10
5 mol/m3∙s Range investigated 
ktr 0.1 to 10
5 mol/m3∙s Range investigated 
kt 0.1 to 10
5 s-1 Range investigated 
Mw [C] 2750 50 monomeric units 
Mw [E1] 55 End group 
Mw [E2] 92 End group 
Mw [A] 232 Active species 
β 20  
 
As can be observed in this table, the Tspan set for ODE45 to solve the group of differential 
equations is set to 0-15. The monomer inlet concentration is set to 1 and the initiator 
concentration is set to 0.01, a ratio of 1000/1 in order to account for a wide range of experimental 
conditions. It should be noted that all the input and output data in the simulation are 
dimensionless. 
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4.1.1 Effect of the initiation rate constant (ki) 
The effect of the initiation reaction rate constant on the monomer conversion, the number 
average molecular weight (Mn) and polydispersity index (PDI) are shown in Figures 11, 12 and 
13, respectively. As shown in these figures, the initiation rate constant (ki) has no effect on any 
of these parameters. This behavior is in agreement with other findings in the literature [7, 44, 55, 
64] and can be attributed to the ionic dissociation of the initiator resulting in ki values, which are 
significantly greater than those of the propagation and termination rate constants, leading to 
insignificant effects on the polymerization process.  It should be noted that since the value of ki 
has no effect on the intermediate products, it was decided to assign ki a moderate rate suitable for 
reducing the calculation time and complexity [18, 47, 65, 66] and accordingly ki was set to the 
same value as kp.   
 
 














































































4.1.2 Effect of the propagation rate constant (kp) 
The role of kp in the propagation step is mathematically described as the coefficient for polymers 
to grow by adding monomers sequentially to the chain. Figure 4-4 shows the effect of kp on the 
monomer conversion; and as can be seen, the monomer conversion is low at kp = 10 (m
3mol-1s-1) 
and then it increases to 100% at kp = 10
4 (m3mol-1s-1). Figure 4-5 shows the effect of kp on the 
Mn; and as can be seen Mn value increases almost linearly with kp is the range of 10
2 and 104 
(m3mol-1s-1), and then it flattens out. This behavior is online with the assumption that the 
propagation step is where a single monomer is added sequentially to the polymer.  
       On the other hand, Figure 4-6 shows the effect of kp on the polydispersity index and as can 
be observed, the polydispersity index drops at first and then almost levels off at kp about 10
3 
(m3mol-1s-1).  
       Thus, if the low polydispersity index is the target for the IBP process, then kp in the order of 
103 (m3mol-1s-1) would be preferred. At such a value, the monomer conversion would be about 





Figure 4-4. Effect of kp on the Monomer Conversion  
 
 




Figure 4-6. Effect of kp on the Polydispersity Index 
 
4.1.3 Effect of the chain transfer rate constant (ktr) 
The chain transfer rate constant ktr has two opposite effects on the monomer conversion and the 
number average molecular weight (Mn), as shown in Figures 4-7 and 4-8, respectively. The 
Monomer conversion increases exponentially at ktr values greater than 10 (m
3mol-1s-1), whereas 
Mn declines rapidly at ktr values greater than 10
3 (m3mol-1s-1), which shows that high ktr rate 
suppresses Mn.  
       Moreover, Figure 4-9 shows the effect of ktr on the polydispersity index; and as can be seen 
the polydispersity index rapidly decreases at ktr values greater than 1 (m
3mol-1s-1), which 
indicates that higher chain transfer rate constants promotes homogeneity in the polymer 
molecular weight distribution. This behavior is in agreement with experimental finding reported 
in the literature [21, 23, 29]. 
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       This behavior is because the chain transfer inhibits the growth of polymer chain by adding 
an unsaturated monomer as end group. Such chain breaking reaction largely controls the chain 
growth, which means the cationic polymerization is extremely sensitive to the change of ktr. 
Moreover, transferring to monomer produces polymers with unsaturated end groups, which 
consume monomers but generate active species, and therefore the polydispersity index would 
decrease at high values of ktr. It should be noted that the values of Mn varied in the range from 









Figure 4-8. Effect of ktr on the Number Average Molecular Weight 
 
 
Figure 4-9. Effect of ktr on the Polydispersity Index 
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4.1.4  Effect of the termination rate constant (kt) 
A higher termination rate constant (kt) clearly decreases the performance of the polymerization 
process, as shown in Figures 4-10 and 4-11, which present the effect of kt on the monomer 
conversion and the number average molecular weight, respectively. It is obvious that a larger 
termination rate constant should be avoided when long polymer chains are desired. Unlike ktr, 
which decreases Mn and promotes polydispersity, increasing kt, decreases the monomer 
conversion and the number average molecular weight. Actually, most industrial cation 
polymerization plants tend to minimize the effect of the termination step by using highly purified 
solvents and raw materials. Thus, in order to obtain high monomer conversion and number 
average molecular weight at a polydispersity index close to the unity, kt value has to be small. 
 
Figure 4-10. Effect of kt on the Monomer Conversion 
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Figure 4-11. Effect of kt on the Number Average Molecular Weight 
  
Figure 4-12. Effect of varying kt on the Polydispersity Index 
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4.2 EFFECT OF MIXING 
The effect of mixing on the polymerization process performance was subsequently investigated 
under the following assumptions:  
 
1. Throughout the simulation, the viscosity was taken as a constant so that 𝜃𝑀 was a 
controlled variable in the sensitivity analysis. In his paper, Baldyga [57-59] reported 𝜃𝑀 to 
approximately equal the average eddy life time linked to bulk convection and turbulent 
diffusion.  
2. The dimensionless mixing time (𝜃𝑀) was varied between 0.01 and 100 for the sensitivity 
analysis calculations. This is approximately equal to the average eddy life time linked to 
bulk convection and turbulent diffusion, as reported by Baldyga [57-59].  
3. In our model, all reaction kinetic rate constants were constant at any time during the 
polymerization process. This assumption greatly eliminates the complexity of modeling 
although in real cases, most of the kinetic rate constants are affected by the change in 
concentration, solvent polarity and temperature. The values for ki, kp, ktr and kt were set to 
103 (m3mol-1s-1), 103 (m3mol-1s-1), 103 (m3mol-1s-1) and 10 s-1, respectively.  
The effect of mixing on the conversion, number average molecular weight and polydispersity 
index was investigated by varying the dimensionless mixing time scale (θM) and mass diffusion 
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time scale (θX). Seven separate cases, as shown in Table 4-2, corresponding to various degrees 
of mixing were considered. 
 
Table 4-2. Summary of Mixing effects for all mixing time constants 
Case # 𝜽𝑿 (𝜽𝟏𝟑 = 𝜽𝟐𝟑) 𝜽𝑴 Comment on Mixing behavior 
1 100 100 Negligible mixing 
2 10 10 Poor 
3 1 1 Sufficient 
4 0.1 0.1 Good 
5 0.01 0.01 Perfect  
6 10 0.1 
Good bulk mixing and poor mass diffusivity  
(Solvent Effect) 
7 0.1 10 
Poor bulk mixing and good mass diffusivity  
(Solvent Effect) 
 
Figures 4-13 and 4-14 show the change in the monomer conversion with the dimensionless 
mixing time for the seven cases mentioned above. As shown in  
Figure 4-13, the monomer conversion increases with increasing mixing time scale, which 
corresponds to better mixing. Whereas Figure 4-14 shows that the monomer conversion for Case 
7, which corresponds to poor bulk mixing, but good mass diffusivity, is slightly higher than that 
for Case 6, which corresponds to good bulk mixing, but poor mass diffusivity. These results 
indicate that, theoretically, a solvent which promotes very high mass diffusivities may offset the 
effect of poor mixing; however, it should be noted that this is not practically attainable. 
       Figures 4-15 and 4-16 show the change in the number average molecular weight with 
dimensionless mixing time for the seven cases. As can be observed the effect of mixing on the 
monomer concentration is identical to that of monomer conversion. 
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       Moreover, Figures 4-17 and 4-18 show the effect of dimensionless mixing time on the 
polydispersity index; and as can be observed increasing the mixing time results in a lower 
polydispersity index, and thus a more uniform product distribution, whereas poor mixing results 

















Figure 4-16. Effect of dimensionless mixing time on the Mn (Cases 6-7) 
 
 




Figure 4-18. Effect of dimensionless mixing time on the Polydispersity index (Cases 6-7) 
4.3 MODEL PREDICTION OF THE OVERALL REACTOR PERFORMANCE 
In order to determine the effect of mixing on the overall reactor performance, eight different 
cases were investigated as shown in Table 4-3. 
Table 4-3. Summary of sensitivity analysis cases 
Case No. ?̂?𝑻 (?̂?𝟏+?̂?𝟐) ɸ = Cm/Cini kp 𝜽𝑴 𝜽𝑿(𝜽𝟏𝟑 = 𝜽𝟐𝟑) 
P-1 2 100 1000 10 10 
P-2 2 100 100 10 10 
P-3 2 1000 1000 10 10 
P-4 6 100 1000 10 10 
G-1 2 100 1000 0.1 0.1 
G-2 2 100 100 0.1 0.1 
G-3 2 1000 1000 0.1 0.1 
G-4 6 100 1000 0.1 0.1 
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As shown in this table, the three main operating conditions considered are: (1) Total monomer 
flow ?̂?𝑇; (2) Ratio of monomer to initiator in the feed (ɸ); and (3) Propagation rate constant kp. 
Moreover, the cases were classified into two sets, P and G, referring to poor and good mixing, 
respectively. The poor mixing cases (P-1 to P-4) were set by setting 𝜃𝑋 = 𝜃𝑀 = 10, whereas the 
good mixing (G-1 to G-4) were set by inputting𝜃𝑋 = 𝜃𝑀 = 0.1. The eight cases are as follows: 
1. Cases P-1 and G-1 are regarded as the reference for the other cases as poor and good 
mixing.  
2. Cases P-2 and G-2: The value of kp is set to 100, which is 0.1 of the value used in Cases 
P-1 and G-1. This is used to gauge the relative importance of the propagation rate on the 
overall performance. 
3. Cases P-3 and G-3: The ratio of the monomer to the initiator in the inlet stream (ɸ) is set 
to 1000, which is ten times the values used in cases P-1 and G-1.  
4. Cases P-4 and G-4: The value which is the total flow rate to the reactor [?̂?𝑇] is set to 6, 
up to 3 times the value used in Cases P-1 and G-1. This is used to investigate the effect of 
reactor size on the performance of the polymerization process model. 
 
Figures 4-19 and 4-20 show the effect of dimensionless time on the monomer conversion for all 
the case mentioned above. As can be seen in these figures, cases P-1 to P-4, which correspond to 
poor mixing have significantly lower conversions when compared with those of cases G-1 to G-
4, which correspond to good mixing. A similar behavior can be observed for the number average 
molecular weight as shown in Figures 4-21 and 4-22, for the poor and good mixing cases, 
respectively. On the other hand, the polydispersity index appear to decrease with better mixing as 
shown in Figure 4-24 when compared with that shown in Figure 4-23. 
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       Moreover, Figures 4-25 to 4-28 show the mixing performance values for the different 
reactor geometries and impeller designs, the exact mixing values are provided in Table B-1 in 
Appendix B. As can be seen in these figures, both the mixing time and the impeller type have a 
significant effect on the required rotation speed of the impeller. Thus, the model developed in 





Figure 4-19. Effect of dimensionless mixing time on the monomer conversion 




Figure 4-20. Effect of dimensionless mixing time on the monomer conversion  




Figure 4-21. Effect of dimensionless mixing time on the Mn 





Figure 4-22. Effect of dimensionless mixing time on the Mn 
(Case G1 - G4 in good mixing) 
 
 
Figure 4-23. Effect of dimensionless mixing time on the Polydispersity Index 




Figure 4-24. Effect of dimensionless mixing time on the Polydispersity Index 
 (Case G1 - G4 in good mixing) 
 
Figures 4-25 to 4-28 show the mixing performance for the different reactor geometries and 
impeller designs; and the mixing speed values are provided in Table B-1 in Appendix B. As can 
be seen in these figures, the mixing time and the impeller type have a significant effect on the 
required rotation speed of the impeller. Thus, the model developed in this study could be used to 
provide a detailed analysis of the reactor performance, geometry and required mixing speed 




   
  
Figure 4-25. Effect of reactor type and impeller type/size on the mixing speed 















































































































Cases P-1, P-3, P-4: HE-3 Turbine
Hr/Dr
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Case P-2: HE-3 Turbine
Hr/Dr
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Figure 4-27. Effect of reactor type and impeller type/size on the mixing speed  







































































































Cases G-1, G-3, G-4: HE-3 Turbine
Hr/Dr
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Case G-2: HE-3 Turbine
Hr/Dr
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5.0  CONCLUSIONS 
In this study, a comprehensive model for isobutylene polymerization (IBP) in agitated reactors, 
which takes into account the polymerization reaction kinetics and mixing effects, was developed 
in Matlab. In the absence of mixing, the model was used to carry out sensitivity analyses to 
quantify the effects of the reaction rate constants of the initiation (ki), propagation (kp), chain 
transfer (ktr) and chain termination (kt) steps, occurring in the IBP, on the three main 
performance metrics, the monomer conversion, the number average molecular weight and the 
polydispersity index. In the presence of mixing, the model was used to conduct a parametric 
study in order to predict the effect of mixing, reactor type, and impeller type as well as design on 
the three main IBP process performance metrics.  The model in the absence and presence of 
mixing predictions led to the following conclusions: 
1. Increasing the initiation reaction rate constant (ki) was found to have negligible effect on the 
monomer conversion, number average molecular weight and polydispersity index.  
2. Increasing the propagation reaction rate constant (kp) appeared to have significant effect on 
the overall process performance since it increased the monomer conversion and the number 
average molecular weight and decreased the polydispersity index.  
3. Increasing the chain transfer reaction rate constant (ktr) increased the monomer conversion, 
but decreased the number average molecular weight and polydispersity index.  
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4.  Increasing the chain termination reaction rate constant (kt) deceased monomer conversion 
and the number average molecular weight, but increased the polydispersity index. 
5. Eight different cases with various propagation reaction rate constants under poor as well as 
good mixing conditions were implemented in the model to study their effects on the IBP 
process’ three main performance metrics: the monomer conversion, the number average 
molecular weight and the polydispersity index. The effect of mixing was found to dominate 
the IBP process due to its inherent fast reaction kinetics. Mixing time and the impeller type 
appeared to have a significant effect on the required mixing speed of the impeller. Also, all 
model predictions underscored the importance of good mixing in the cationic IBP process. 
6. Thus, the model developed in this study could be used to provide a detailed analysis of the 
reactor performance, geometry and required mixing speed under different mixing scenarios 




MODELING ISOBUTYLENE POLYMERIZATION IN ASPEN PLUS 
AspenPlus v. 7.2 was used to model the IBP process carried out in an overall reactor size of 4.5 
m3 using Aluminum Chloride (AlCl3) as initiator in hexane solvent. The feed to the reactor was 
set to 1000 kg/hr (95% isobutylene monomer and 5% AlCl3 initiator). The reaction conditions 
were set to - 80 oC and 1 atm. The reactions were assumed to follow the cationic polymerization, 
which includes five steps: 
1. Initiator dissociation: AlCl3 becomes ionized in the hexane solvent and dissociates into 
free ions or ion pairs;  
2. Chain initiation: begins by the combination of isobutylene monomer and the ionized 
Lewis acid, which forms active species for the reaction 
3. Propagation: The structural units linearly add monomers to the polymer chain;  
4. Chain transfer: the propagating chain ends by transferring with a monomer, leaving an 
unsaturated carbon-carbon double bond, which is still highly reactive;  
5. Termination: the propagating chain breaks by combining with a counter-ion, which is 
usually a negative halide ion.  
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It should be mentioned that the chain transfer and termination steps occur in parallel rather than 
sequential. This is because in actual cases, both polymers are found in the product although their 
concentrations can vary greatly depending on the operating conditions. 
       The IBP reaction kinetics were represented using the Flory-Huggins method for the 5-step 
polymerization reaction mechanism shown in Table 1 [67]. Different data from the literature [17, 
18, 42-44, 55] were used to fit the kinetic parameters for each reaction step using AlCl3 as 
initiator. The kinetic constants for the polymerization process were assumed to follow an 
Arrhenius-type equation: 










The values for the kinetic constants for each reaction step are also shown in Table 1. 
 
Table A-1. Kinetic parameters for each reaction step used in the model [67] 
Step Reaction kn (1/hr) Ea (J/kmol) Tref (K) 
1. Initiator dissociation I → I (sol) 1010 (instantaneous) 5 283.15 
2. Initiation 𝐈 + 𝐌 → 𝐀𝟏
∗  100 5 283.15 
3. Propagation 
A1
∗  +M → A2
∗  
An−1
∗  +M → An
∗  
50 50 283.15 
4. Chain transfer An
∗  +M → A1
∗ + P 10-5 50 283.15 
5. Chain termination An
∗  → P 10-5 50 283.15 
 
The RBatch process unit in AspenPlus was used to represent the IBP reactor model. This model 
was selected since it allows for transient analysis of certain polymer related parameters, such as 
number and weight average molecular weights and polydispersity index. The basic governing 
equations in this model involve the material balance of the species in a control volume, which is 




= 𝑄𝑓𝑒𝑒𝑑𝐶𝑖−𝑓𝑒𝑒𝑑 − 𝑄𝑜𝑢𝑡𝐶𝑖−𝑜𝑢𝑡 + 𝑅𝑖𝑉𝑟𝑒𝑎𝑐𝑡𝑜𝑟 (62) 
The equations for all species are solved by integration as a function of time.  
The model was then used to predict the transient composition of all the species involved in the 
reaction, as shown in Figure 1. The model was also used to determine the weight average 
molecular weight (Equation (3)) and the number average molecular weight (Equation (4)), as 










Moreover, the model was used to track the degree of polymerization (DOP) during the IBP 
process, as shown in Figure 3. The DOP is a measure of the average number of monomer units in 
the polymer and as such, it can be expressed based on either the number average (Equation (5)) 










Our model was also used to investigate the effect of operating temperature on the overall 
conversion and the polydispersity index of the IBP process, as shown in Figure 4. The 
polydispersity index is a measure of the spread of molecular weight distributions (Equation (6)), 




≥ 1 (67) 
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Furthermore, the effect of the initiator concentration in the feed on Isobutylene conversion was 
investigated, as shown in Figure 5 and as can be seen there is no effect on the conversion at 
initiator concentrations in the feed > 15 wt%. 
 
 





































Figure A-2. Weight average and Number average molecular weights during IBP 
 
 































































Figure A-4. Effect if temperature on the conversion and polydispersity index of the IBP process 
 
 



























































Mass Fraction of Initiator in Feed
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The Aspen model was used to predict the experimental data by Zhao et al. [53, 54], obtained for 
IBP using a different initiator (TiCl4) at different temperature - 95 
oC in a 2-gallon pilot plant 
reactor. A comparison between the model predictions and the experimental data is shown in 
Figures 6, 7 and 8. As can be seen in these figures, even though our model was developed using 
different initiator, the model is capable of predicting the isobutylene concentration, the number 
average molecular weight and the weight average molecular weight of the experimental with 
average errors of these predictions are 17%, 18% and 19%, respectively. 
 
 








































Average Error = 17%
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Figure A-7. Model predictions of the weight average molecular weight experimental data by Zhao et al. [53, 54] 
 



















































































Average Error = 19%
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APPENDIX B 
EFFECT OF REACTOR TYPE AND IMPELLER TYPE/SIZE ON THE MIXIN SPEED 
Table B-1. Effect of reactor type and impeller type/size on the mixing speed 
















0.75 0.667 13 13 8 3 3 
0.75 0.400 40 43 25 7 7 
0.75 0.267 96 108 60 13 14 
0.75 0.200 181 213 113 21 23 
1 0.667 15 15 9 3 3 
1 0.400 46 50 29 8 8 
1 0.267 112 127 69 15 16 
1 0.200 209 246 131 24 27 
1.5 0.667 19 19 11 4 4 
1.5 0.400 57 61 35 9 10 
1.5 0.267 137 155 85 18 19 
1.5 0.200 256 301 160 29 33 
2 0.667 22 22 13 5 5 
2 0.400 66 71 40 11 11 
2 0.267 158 179 98 21 23 
2 0.200 296 347 185 34 38 
P-2 
0.75 0.667 133 133 81 28 29 
0.75 0.400 402 432 248 65 69 
0.75 0.267 970 1,098 602 128 140 
0.75 0.200 1,810 2,126 1,131 208 230 
1 0.667 153 154 93 32 33 
1 0.400 465 499 286 75 80 
1 0.267 1,218 1,268 698 148 162 
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Table B-1 (continued) 
1 0.200 2,090 2,455 1,305 240 266 
1.5 0.667 188 189 114 39 41 
1.5 0.400 569 611 350 92 98 
1.5 0.267 1,300 1,500 850 190 185 
1.5 0.200 2,560 3,007 1,599 294 326 
2 0.667 217 218 132 45 47 
2 0.400 657 705 405 107 113 
2 0.267 1,587 1,810 956 218 230 
2 0.200 2,956 3,472 1,846 339 376 
P-3 
0.75 0.667 13 13 8 3 3 
0.75 0.400 40 43 25 7 7 
0.75 0.267 96 108 60 13 14 
0.75 0.200 181 213 113 21 23 
1 0.667 15 15 9 3 3 
1 0.400 46 50 29 8 8 
1 0.267 112 127 69 15 16 
1 0.200 209 246 131 24 27 
1.5 0.667 19 19 11 4 4 
1.5 0.400 57 61 35 9 10 
1.5 0.267 137 155 85 18 19 
1.5 0.200 256 301 160 29 33 
2 0.667 22 22 13 5 5 
2 0.400 66 71 40 11 11 
2 0.267 158 179 98 21 23 
2 0.200 296 347 185 34 38 
P-4 
0.75 0.667 13 13 8 3 3 
0.75 0.400 40 43 25 7 7 
0.75 0.267 96 108 60 13 14 
0.75 0.200 181 213 113 21 23 
1 0.667 15 15 9 3 3 
1 0.400 46 50 29 8 8 
1 0.267 112 127 69 15 16 
1 0.200 209 246 131 24 27 
1.5 0.667 19 19 11 4 4 
1.5 0.400 57 61 35 9 10 
1.5 0.267 137 155 85 18 19 
1.5 0.200 256 301 160 29 33 
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Table B-1 (continued) 
2 0.667 22 22 13 5 5 
2 0.400 66 71 40 11 11 
2 0.267 158 179 98 21 23 
2 0.200 296 347 185 34 38 
G-1 
0.75 0.667 22 22 13 5 5 
0.75 0.400 67 72 41 11 12 
0.75 0.267 162 183 100 21 23 
0.75 0.200 302 354 188 35 38 
1 0.667 26 26 16 5 6 
1 0.400 77 83 48 13 13 
1 0.267 185 211 117 25 27 
1 0.200 349 409 218 40 44 
1.5 0.667 31 31 19 7 7 
1.5 0.400 95 102 58 15 16 
1.5 0.267 236 280 147 30 33 
1.5 0.200 427 501 266 49 54 
2 0.667 36 36 22 8 8 
2 0.400 109 118 67 18 19 
2 0.267 264 299 164 35 38 
2 0.200 493 579 308 57 63 
G-2 
0.75 0.667 221 222 135 46 48 
0.75 0.400 671 721 414 109 116 
0.75 0.267 1,616 1,828 1,003 214 233 
0.75 0.200 3,013 3,544 1,885 346 384 
1 0.667 256 256 156 54 55 
1 0.400 774 831 477 126 134 
1 0.267 2000 2,100 1200 250 275 
1 0.200 3,480 4,060 2,166 399 449 
1.5 0.667 313 314 191 66 68 
1.5 0.400 948 1,018 584 154 164 
1.5 0.267 2,305 2,609 1,431 306 333 
1.5 0.200 4,263 5,011 2,665 490 543 
2 0.667 361 363 220 76 78 
2 0.400 1,095 1,175 674 178 189 
2 0.267 2,639 2,986 1,639 350 381 
2 0.200 4,929 5,787 3,086 565 629 
G-3 0.75 0.667 22 22 13 5 5 
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Table B-1 (continued) 
0.75 0.400 67 72 41 11 12 
0.75 0.267 162 183 100 21 23 
0.75 0.200 302 354 188 35 38 
1 0.667 26 26 16 5 6 
1 0.400 77 83 48 13 13 
1 0.267 185 211 117 25 27 
1 0.200 349 409 218 40 44 
1.5 0.667 31 31 19 7 7 
1.5 0.400 95 102 58 15 16 
1.5 0.267 236 280 147 30 33 
1.5 0.200 427 501 266 49 54 
2 0.667 36 36 22 8 8 
2 0.400 109 118 67 18 19 
2 0.267 264 299 164 35 38 
2 0.200 493 579 308 57 63 
G-4 
0.75 0.667 22 22 13 5 5 
0.75 0.400 67 72 41 11 12 
0.75 0.267 162 183 100 21 23 
0.75 0.200 302 354 188 35 38 
1 0.667 26 26 16 5 6 
1 0.400 77 83 48 13 13 
1 0.267 185 211 117 25 27 
1 0.200 349 409 218 40 44 
1.5 0.667 31 31 19 7 7 
1.5 0.400 95 102 58 15 16 
1.5 0.267 236 280 147 30 33 
1.5 0.200 427 501 266 49 54 
2 0.667 36 36 22 8 8 
2 0.400 109 118 67 18 19 
2 0.267 264 299 164 35 38 
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